• The oxygen cost of an increase in ventilation is high, and the efficiency of the respiratory system is low in such disease states as chronic obstructive pulmonary emphysema 1 and obesity. 2 ' 3 Since hypoxia is common to both conditions, it is possible that the high oxygon cost and low efficiency are a result of tissue hypoxia because of either arterial hypoxemia or reduced blood flow.
It was, therefore, of interest to determine whether the oxygen consumption and efficiency of the respiratory system were t altered in other conditions in which hypoxia was present. This paper reports measurements of the oxygen cost of an increased ventilation and the efficiency with which added inspiratory work loads were handled in (1) normal subjects breathing hypoxic gas mixtures and (2) patients with congestive heart failure.
Methods
Nine normal subjects and twenty patients with cardiac disease and clinical evidence of congestive heart failure were studied. Their physical characteristics and measurements of ventilatory function are presented in table 1. The clinicnl grading of the patients with eongestivo heart failure was based on the severity of the dyspnea as suggested by the New York Heart Association. 4 Arterial gns tensions wero measured by a modification 1 "' of the technique of Riley, Proemmel, and Franke. 0 The vital capacity, maximum midexpi r atory flow rate, and maximum breathing capacity were measured with a 9-L. Collins spirometer from which the carbon dioxide absorber and valves had been removed and into which a high-speed rotating Dr. Hoosehen is a Medical Research Council Fellow, and Dr. Cuddy is a Rosearch Fellow, Tlie Hoart Foundation of Canada.
•Received for publication May 16, 1962. drum had been incorporated. The maximum of at least three trials was recorded. Predicted values were obtained from Baldwin et al. 7 nnd Leunllen and Fowler. 8
OXYGEN COST OF INCREASED VENTILATION
The oxygen cost of increased ventilation was measured by a closed-circuit technique employing a modification 1 of the method of Campbell, Westlake, and Cherniack. 0 The subject breathed into and out of a 9-L. Collins respirometer with a carbon dioxide absorber incorporated. A cam on the pulley of the spirometer activated a microswitch which in turn opened and closed a solenoid valve through which oxygen could be delivered from a second spirometer. The microswitch was activated toward end-inspiration so that a nonsloping record of tidal volumes and the integrated minute ventilation were obtained on the first spirometer, while the oxygen being consumed was recorded on the second spirometer.
All subjects were studied in the sitting position, having fasted for at least nine hours and having rested in a comfortable chair for at least one-hall' hour prior to the study. All breathed into and out of the spirometer circuit for eight to ten minutes before any measurements were taken in order to reach a steady state for oxygen consumption. 10 Four-to eight-minute measurements of oxygen consumption and ventilation were made at resl and during increased ventilation. Oxygen consumption was expressed in milliliters per minute standard temperature pressure dry (S.T.P.D.) and ventilation in liters per minute body temperature pressure saturated (B.T.P.S.).
At least two levels of increased ventilation were achieved by the interposition of dead spaces consisting of thick-walled rubber tubing (2.5 cm. internal diameter) between the subject and the spirometer, the smaller of the dead spaces producing an increase in ventilation of 11 to 23 L. per minute and the larger from 17 to 34 L. per minute. The resistance of the whole dead spaee-spirometer system was less than 1 em. H 2 O per L. per second at a flow rate of 1.5 L. per second.
Subjects were allowed to increase their ventilation spontaneously with no control of rate or depth while breathing through a dead space. The sequence in which the various increased levels of ventilation were studied was altered at random. Observations at rest with no added space were made at the beginning and end of each series of measurements. The lower of the two resting determinations was used in the calculation of the oxygon cost of increased ventilation. Ten minutes of rest were allowed between observations, during which time room air was breathed. For each subject, the difference in oxygen consumption at the resting ventilation and at increased ventilations was divided by the difference in ventilations and expressed as the oxygen cost of increased ventilation in milliliters per liter of ventilation.
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EFFICIENCY OF THE RESPIRATORY SYSTEM
The efficiency of the respiratory system was determined by measuring the extra oxygen con-sumption associated with the performance of a known added respiratory work load using the same respirometer. Work was added by having the subject inspire through a metal tube that projected down under a water seal. This produced a constant additional alveolar-spirometer pressure difference throughout inspiration which was relatively independent of the rate of air flow and left expiration unimpeded. The added work was calculated by multiplying the minute ventilation in liters by the depth of the water seal in centimeters by 10" 2 and was expressed in Kg. M./min. The extra oxygen consumption associated with the added work load was converted to its enei^gy equivalent, assuming a respiratory quotient of 0.82, and expressed in Kg. M./min. The added work divided by the Circulation Reaearch, Volume X/, Novombor 196t energy equivalent of the extra oxygen consumption yielded the efficiency of the respiratory system for handling added work loads. The inability to handle the added inspiratory resistance precluded the deteniiination of efficiency in seven patients with congestive heart failure.
Effect of Hypoxia on the O, Subjects
TOTAL MECHANICAL WORK OF BREATHING
It has been shown that the efficiency of the respiratory system for handling added work remains essentially unchanged over a large range of added work loads. 0 This suggests that the value for efficiency obtained under such conditions may be applied to situations where there is no added work load. The mechanical work of breathing at rest, therefore, can be calculated from the oxygen cost of breathing at rest and the efficiency.
Thus, the total mechanical work of breathing was calculated from the product of the efficiency and the energy equivalent of the oxygen cost of breathing per liter of ventilation at rest and was expressed in kilogram meters per liter of ventilation.
The normal subjects wore studied while breuthing 100 per cent oxygen and a hypoxic gas mixture of 10 to 12 per cent oxygen in nitrogen. An ear oximeter was used as a monitor in order to insure that the patients were in a steady state and that the arterial oxygen saturation was stable during the hypoxic studies. The oxygen saturations
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ranged from 55 to S5 per cent during hypoxic studies.
Some of the patients with congestive heart failure were studied while breathing 100 per cent oxygen, and the others were studied breathing room air. Table 2 presents the values obtained for the oxygen cost and efficiency studies in two normal subjects and one patient with congestive heart failure, who were studied twice, once while breathing room air and, on the other occasion, while breathing 100 per cent oxygen. It will be seen that in these three subjects, similar values were obtained utilizing either room air or 100 per cent oxygen. Table 3 presents the values obtained for the oxygen cost of increased ventilation, the efficiency with which added inspiratory work loads were handled and the total mechanical work of breathing in nine normal subjects, while breathing 100 per cent oxygen and the hypoxic gas mixture. The measurements were made over the same range of ventilation during inhalation of either 100 per cent oxygen or the hypoxic gas mixture. Resting ventilation increased slightly while subjects breathed HOESOHEN, GOLD, OTJBDY, OHEKNIAOK the hypoxic gas mixture. It will be seen that the oxygen cost of increased ventilation rose (I' <0.01) during breathing of the hypoxic gas mixture. This increase was apparently due to a decrease in the efficiency with which added inspiratory work loads were handled (P <0.01) for there was no change in the total mechanical work of breathing (P > 0.2). These findings could not be attributed to a change in respiratory pattern since there was no consistent change while subjects breathed the hypoxic gas mixture.
Results
HYPOXIA
In order to insure that the rise in oxygen cost was related to the hypoxia rather than the inhalation of carbon dioxide which was inherent in the closed-circuit technique, the oxygen cost of increased ventilation was measured during voluntary hyperventilation in two of the normal subjects while breathing room air and the hypoxic gas mixture, using the open-circuit technique of Cournand et al. n The respiratory rates selected were those at which the subject had breathed during the studies with the closed-circuit technique. The end-tidal carbon dioxide tension was monitored continuously with an infrared carbon dioxide analyzer, sufficient carbon dioxide being added to the inspired gas to maintain a normal end-tidal pCOo throughout the periods of hyperventilation. In led to an increase in oxygen cost during both voluntary hyperventilation and carbon dioxide-induced hypercapnia. This indicates that the rise in oxygen cost of increased ventilation during hypoxia, which was demonstrated with the closed-circuit technique, was not due to the associated hypercapnia. It can also be seen that the values for the oxygen cost of increased ventilation were higher when the ventilation was increased voluntarily. This is in agreement with other investigators, as reported by Otis. 12
CONGESTIVE HEART FAILURE
The oxygen cost of increased ventilation, the efficiency with which added work loads were handled, and the total mechanical work of breathing at rest in the patients •with congestive heart failure are presented in table 5. The measurements were made over the same range of ventilation as in the normal subjects. The resting respiratory rate was generally higher in the patients with congestive heart failure but showed similar changes with increased ventilation, the respiratory rate rising Circulation Retaroh, Volu-me XI, iVouomfw Itlt HYPOXIA AND CONGESTIVE HEART FAXLTJBE 829 five to six breaths per minute. It is seen that the oxygen cost of increased ventilation was higher than normal (P < 0.01) in the patients with congestive heart failure.
In 13 patients, the mean efficiency for handling added inspiratory work loads was 3.1 per cent which was lower than normal (P < 0.01). On the other hand, the mean value for mechanical work of breathing in these patients was 0.161 Kg. M./L., which was not significantly different from the normal (P > 0.2).
Discussion
The data presented indicate that the oxygen cost of increased ventilation was high in patients with congestive heart failure and in normal subjects who were breathing a hypoxic gas mixture. The oxygen cost of breathing at resting ventilation is probably similarly elevated.
The high oxygen cost found in the patients with congestive heart failure is in agreement with the data of Cournand et al., 11 who studied one patient with mitral stenosis and clinical evidence of congestive heart failure, but differs from that of McGregor and Becklake, 18 who found that the oxygen cost in patients with congestive heart failure was not increased above normal. However, the values for the normal oxygen cost of breathing in the latter study were higher than those reported by most investigators. 1 
' 2i Oi 11> 14> 1B
The high oxygen cost of breathing in hypoxia and in congestive heart failure may be attributed to either an increase in total mechanical work done, or to a less efficient respiratory system, or both. Table 3 demonstrates that the rise in oxygen cost which developed when the normal subjects breathed a hypoxic gas mixture was due to a fall in the efficiency of the respiratory system, rather than to a change in total mechanical work done.
Since elastic resistance and mechanical work done on the lungs are increased in patients with congestive heart failure, 1 "~1 0 it is surprising that the total respiratory mechanical work done was not increased in the present series of patients with congestive heart failure. However, calculation of the total mechanical work of breathing was dependent on the estimated efficiency for handling added inspiratory work loads. The added work load was derived from the knowledge of the minute ventilation and the depth of the water seal through which the subjects inspired. Since the added inspiratory resistance may have led to pulmonary congestion and thereby increased the elastic resistance of the lungs, the additional work load may have been underestimated. In this way, the efficiency of the respiratory system would also have been underestimated.
In order to determine whether the elastic resistance of the lungs was altered during measurements of efficiency, the compliance of the lungs was determined by measuring simultaneous changes in esophageal pressure and tidal volume at rest, at different levels of ventilation, and when added inspiratory work was imposed in two normal subjects and in two patients with heart failure. The mean of 10 breaths was calculated for each of these situations. Table 6 shows that in the two normal subjects, the lung compliance was unaltered at approximately equivalent respiratory rates and minute ventilations when inspira-
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tory work was added. In the two patients with congestive heart failure, however, the lung compliance decreased when the inspiratory resistance was added. This suggests that in the patients with congestive heart failure, the additional work done may have been greater than that used for the calculation of efficiency so that the actual efficiency was underestimated. In addition, the calculated values for the total mechanical work of breathing might also have been underestimated.
Although it is difficult to draw any conclusions about the efficiency of the respiratory system in the patients with: congestive heart failure, it is nevertheless possible that the efficiency is decreased in congestive heart failure and that this inefficiency may be partly responsible for the high oxygen cost of breathing. A high oxygen cost has been found in other disease states in which hypoxia was present, such as chronic obstructive pulmonary emphysema 1 and obesity. 2 ' 3 The present paper demonstrates that the oxygen cost of breathing was high in two other situations in which hypoxia was present, namely, congestive heart failure and normal subjects breathing a hypoxic gas mixture. Although arterial hypoxemia was not a consistent finding in the patients with congestive heart failure, it is possible that the high oxygen cost of breathing in this situation was the result of tissue hypoxia due to inadequate blood flow.
Conclusions
1. The oxygen cost of increased ventilation and the "efficiency of the respiratory system" were measured in nine normal subjects and 20 patients with cardiac disease and clinical evidence of congestive heart failure.
2. The oxygen cost of increased ventilation rose, and the efficiency of the respiratory system fell in normal subjects when they breathed a hypoxic gas mixture.
3. The oxygen cost of increased ventilation was high and "the efficiency of the respiratory system" low in patients with cardiac disease and clinical evidence of congestive heart failure. It is suggested that the '' added work" and the efficiency may be underestimated in this condition.
4. The presence of hypoxia results in a rise of the oxygen cost of increased ventilation and a fall in "the efficiency of the respiratory system.''
